controlled by applying an interfacial potential, and the amount of ionic species transferred from W to O is simultaneously estimated as a current signal.
For ion transfer at the W|O interface, the use of thin-layer electrolysis cells is promising in separation of ionic species and the absolute determination of redox-inactive ions, because the cell achieves the complete extraction of ions via electrolysis. [9] [10] [11] [12] [13] To date, electrolysis cells with only a thin W layer have been reported, and applied to the absolute determination of redox-inactive ions based on ion transfer at the W|O interface. [9] [10] [11] In these cells, the absolute determination of a redox-inactive ion using the injection method, 9 ,10 the absolute determination using the continuous flow method, 10, 12 and the selective absolute determination via the addition of an ionophore into O 10 have been realized. On the other hand, we have developed a thin-layer cell with not only a thin W layer, but also a thin O layer. 13, 14 Due to the thin O layer, quantitative back extraction can also be achieved and applied for an absolute determination combined with the stripping technique. Moreover, the thin-layer cell is a two-electrode system, and has a simple laminate structure, contributing to the decrease of the sample volume of redox-inactive ions. 4 The technical breakthrough for preparing the thin O layer is to employ a conducting polymer-coated electrode with functions of both a reference-and a counter electrode in O (reference/ counter electrode). 13, 14 The conducting polymer-coated electrodes have been applied to all-solid ion-selective electrodes (all-solid ISE) with a thin organic membrane, [15] [16] [17] [18] [19] [20] or to working electrodes for the stripping analysis of ionic species based on ion transfer at the W|O interface. [21] [22] [23] [24] [25] We found that the poly(3,4-ethylenedioxytiophene)-coated electrode (PEDOT-E), one of the conducting polymer-coated electrode, was useful for this purpose. In order to use the PEDOT-E as a reference/ counter electrode in O, we also evaluated the electrode properties of PEDOT-E in O. 14 Herein, we review the evaluation of the PEDOT-E as a reference/counter electrode for a thin O layer and the performance of the electrolysis cell for the electrochemical extraction of ionic species consisting of thin O and W layers. With the present cell, the absolute determination of a redoxinactive ion using the flow injection method or the stripping method is also described. 13 
Conducting Polymer-coated Electrode as an Electrode in the Organic Phase
A conducting polymer-coated electrode has chemical properties suitable for a reference/counter electrode in O. The conducting polymer is less soluble in O and incorporated with ions, accompanied by its redox reaction, and works as an ion exchanger in O. 26 Conducting polymer-coated electrodes had been proposed as ion-electron transducers by researchers in the ISE field, and those have been applied to all-solid ISE, [15] [16] [17] [18] [19] [20] in which the conducting polymer was employed instead of an inner solution in the liquid membrane type ion-selective electrode. Many reviews have been written on all-solid ISE. [27] [28] [29] [30] [31] [32] [33] [34] [35] 2·1 Electrode potential of the PEDOT-E in the organic phase In the presence of a hydrophobic supporting electrolyte (C + A -) in O, the redox reaction of the PEDOT is expressed as
where P and O in brackets indicate the polymer phase and the organic phase, respectively. We assumed that the equilibrium of Eq.
(1) was locally attained at the surface of the PEDOT-E, and the electrode potential of the PEDOT-E (EPEDOT-E) was given by
Here, E 0 , QPEDOT + A -(P), QPEDOT 0 (P) and aA -(O) are the standard potential for the redox reaction of the PEDOT accompanied by the doping-undoping of A -, the electric charge required for the reduction of an oxidized form in PEDOT, the electric charge required for the oxidation of a reduced form in PEDOT and the activity of A -in O, respectively. When the PEDOT-E is immersed in O with a sufficient supporting electrolyte (A -), the third term in the right-hand side of Eq. (2) is fixed. When the ratio of QPEDOT + A -(P) to QPEDOT 0 (P) in the PEDOT, which is the second term in the right-hand side of Eq. (2) , is controlled to be 1:1, the effect of the current flow on EPEDOT-E will be the theoretical minimum. Therefore, we considered that 50% oxidized PEDOT-E was applicable as a reference/counter electrode in O containing a sufficient concentration of the supporting electrolyte of A -. Figure 1 summarizes the reactions of the PEDOT-E covered with an O membrane as the typical reactions of the conducting polymer-coated electrode. The interface between W and O is the analyzing interface where the potential response in the all-solid ISE [27] [28] [29] [30] [31] [32] [33] [34] [35] or electrolytic extraction of the target ion in an electrolysis cell occurs. 13, 14, [21] [22] [23] [24] [25] When the current for the transfer of the target ion at the W|O interface flows, the redox reaction of the PEDOT on the solid electrode occurs with the simultaneous doping-undoping of A -into the PEDOT. The oxidized PEDOT becomes the exchanger of A -in O. Since a supporting electrolyte ion in O is doped as A -, the reaction product of the electrode does not contaminate O.
2·2 Preparation of the PEDOT-E
A 50% oxidized PEDOT-E was prepared as a reference/ counter electrode in O. 13, 14 PEDOT is a chemically stable conducting polymer-coated electrode, 36, 37 which is frequently employed as an ion-electron transducer in an all-solid ISE. The PEDOT-coated electrode was prepared by the electrodeposition of PEDOT on a solid electrode, such as an indium-tin oxide glass electrode or a Pt glass electrode. The PEDOT film was oxidized to 50%, and then doped with a hydrophobic anion of a supporting electrolyte, such as tetrakis [3,5- 
. Electrodeposition was performed in 1,2-dichloroethane (DCE) containing the PEDOT monomer and the ClO4 -salt of the hydrophobic cation as the supporting electrolyte. 13, 14 Hence, the PEDOT film was initially obtained as the oxidized form incorporated with ClO4 -. When the TFPB -salt was directly used instead of the ClO4 -salt during electrodeposition, short chains of PEDOT, initially formed, were soluble in DCE, and thus not deposited on the solid electrode. Thus, the ClO4 -in the PEDOT was exchanged with TFPB -by reducing and oxidizing the PEDOT on the solid electrode in DCE containing the TFPB -salt of the hydrophobic cation. 13, 14 It should be noted that the O2 dissolved in the electrolytic solution during the electrochemical deposition of PEDOT significantly interferes with the reproducibility of the potential response of the resulting electrode; hence, the interior of the electrolytic cell and the electrolyte solution should be deaerated by passing argon gas through the solution. However, in procedures other than that for the electrodeposition step, deaeration was not required, because the influence of O2 on the long chains of PEDOT was small.
The PEDOT film on the solid electrode was partially oxidized in order to prepare 50% oxidized PEDOT-E. The oxidation ratio was chronocoulometrically adjusted to 50% in DCE containing the TFPB -salt of the hydrophobic cation by reducing all of the PEDOT, and then partially oxidizing it. While adjusting the oxidation ratio of the PEDOT, a sufficient supporting electrolyte of concentration greater than 0.01 M was required. If the concentration was insufficient, the obtained PEDOT-E potential gradually shifted for 12 h while the PEDOT oxidation ratio did not change significantly. We inferred that the PEDOT was non-uniformly oxidized at a low concentration of the supporting electrolyte.
2·3 Electrode response of the 50% oxidized PEDOT-E in the
organic phase According to Eq. (2), for a 50% oxidized PEDOT-E the value of EPEDOT-E in O should depend on the TFPB -concentration in O. Figure 2 shows the dependence of EPEDOT-E on the TFPBconcentration in DCE. With a stepwise increase in the TFPB -concentration in DCE, the EPEDOT-E showed a Nernstian response (slope of 55 mV/decade for DCE). The Nerntian response was attained not only in DCE, but also in 2-nitrophenyl octyl ether (NPOE) (65 mV/decade for NPOE). These result indicated that the reaction of Eq. (1) was reversible, and the PEDOT in the 50% oxidized PEDOT-E functioned as an anion exchanger in O. In the repeated measurements that were carried out without any conditioning, except for washing the PEDOT-E with pure O, the electrode potential of the PEDOT-E indicated the same potential within ±7 mV for DCE and within ±8 mV for NPOE. Therefore, the PEDOT-E showed no hysteretic behavior and good reproducibility.
For a reproducible potential response, the purification of O was important. In the present work, DCE and NPOE were purified by washing with a 0.1 M (M = mol dm -3 ) NaOH aqueous solution three times and with distilled water twice. Without the purification of O, the value of EPEDOT-E significantly drifted, and did not exhibit a Nernstian response. The unpurified DCE and NPOE showed ionic conductivity (DCE, 0.050 μS cm -1 ; NPOE (1 mL NPOE + 10 mL purified DCE), 0.028 μS cm -1 ). After purification, the ionic conductivities of DCE and NPOE (1 mL NPOE + 10 mL purified DCE) decreased to less than 0.001 μS cm -1
, and the Nernstian response of the 50% oxidized PEDOT-E was obtained. These results suggest that ionic impurities in O interfere with the potential response to the TFPB -concentration in O. Trace acidic impurities in DCE 38 and o-nitrophenol in the NPOE 39 were inferred to be ionic impurities in the unpurified DCE and NPOE.
2·4 Current flow effect on the electrode potential of
PEDOT-E When a PEDOT-E is employed not only as the reference electrode, but also as the counter electrode in a two-electrode system, the potential shift caused by the current flow through the PEDOT-E should be as little as possible. According to Eq. (2), the potential shift caused by the current flow is explained by a change of the second term in the right-hand side of Eq. (2). In minimizing the change of the second term, an oxidation ratio of 50% has an advantage. Figure 3 shows voltammograms of the 50% oxidized PEDOT-E measured on a current scale much less than the maximum redox capacity of the PEDOT deposited on the electrode.
14 As can be seen in the figure, the voltammograms sharply crossed the zero current axis, indicating that the 50% oxidized PEDOT-E was depolarized in O. When the total charge flowing through the PEDOT-E was within ±20 μC cm -2 , the potential shift was less than ±5 mV.
14 On the basis of these results, it can be concluded that the 50% oxidized PEDOT-E is workable as a reference/counter electrode when the total charge amount of the current flow is less than ±20 μC cm -2 . The potential shift caused by the flowing current decreased with increasing thickness of the PEDOT film deposited on the electrode because the change in the ratio of the oxidized form to the reduced form (second term in right hand of Eq. (2)) was not significant for the thick PEDOT. However, as the thickness of the PEDOT increased, the redox reaction of the PEDOT also slowed down, since its kinetics was limited by the electroconductivity in the polymer or among the polymers. In addition, the adhesion of the PEDOT to the solid electrode degenerated with an increase in the PEDOT thickness because of the expansion and the contraction of PEDOT film accompanied with its redox reaction. Hence, the thickness of the PEDOT could not be significantly increased. Figure 4 presents a schematic of the thin-layer cell in a flow system. 13 In the cell, a Ag film (thickness, 20 μm) coated with AgCl and the 50% oxidized PEDOT-E are employed as the electrodes for W and O, respectively, and serve as both reference and counter electrodes. Hence, the two-electrode system for the cell is written as:
Electrolysis Cells with a Thin Aqueous Phase and a Thin Organic Phase for the Absolute Determination of a Redox-inactive Ion

3·1 The thin-layer electrolysis cell
PEDOT-E | 1 × 10 -3 M BTPPATFPB (O) | 1 × 10 -2 M NaCl (W) + the target ion | Ag/AgCl (3) BTPPA: bis(triphenylphosphoranylidene)ammonium
The thin W layer is formed in the internal space of the polyester spacer, and the thin O layer is held within the hydrophobic PTFE porous membrane on the PEDOT-E. The thicknesses of the W and O layers are fixed at 50 and 30 μm, respectively. As O, NPOE is suitable for the flow cell because of its stability and durability; it has a low vapor pressure, a high viscosity (13.8 mPa s), 40 and a low solubility in water (2.01 μmol dm -3 ). 41 The solution resistance in the thin NPOE phase in the cell was estimated to be 10 kΩ. The 30 μm thickness of the NPOE layer contributes to the low IR drop in the cell, which is negligible for currents with a magnitude of microamperes. to O, and vice versa, is achieved for ca. 1 min of the potential scan.
3·2 Ion transfer at the W|O interface in the thin-layer electrolysis cell
3·3 The flow injection method
Using the thin-layer flow cell and the flow injection method, the absolute determination of an ion was realized. 13 Figure 6 shows the current response measured using the injection method. The electric charge of the current peak was 8.68 ± 0.94 μC for a 93 μM TEA + solution of 1 μL, and the efficiency of the electrolysis of TEA + in the injected sample was 97 ± 10%. Therefore, the current peak obtained with the injection method could be used to perform coulometric determinations. The current profile was rough due to the presence of air in front of and in the rear of the sample solution, which was injected in order to avoid broadening by sample diffusion. Figure 7 presents the results of the coulometric determination of TEA + , which was performed by injecting 1 μL of a sample solution into the thin-layer flow cell. The values converted to the molar amount were close to the theoretical values for the injected amount from 20 to 100 μM (solid line in Fig. 7(a) ). Figure 7(b) shows the electrolysis efficiency for each TEA + concentration. In the present cell, amounts from 20 to 100 pmol (20 -100 μM in injected 1 μL) were determinable. Notably, the minimum limit of determination is much smaller than minimum limits of determination for previous cells: 10 -400 nmol (500 -2000 μM for the injection of 20 -200 μL sample solutions) 9 and 1.25 -250 nmol (25 -5000 μM for the injection of 50 μL sample solutions). 10 The present cell will thus make a significant contribution to microanalysis. The precision and accuracy of the measured values in the concentration range of less than 20 μM were not as good, and the range of quantification was rather narrow. The imprecision for lower concentrations of TEA + is due to the low signal-to-noise ratio of the current peak. The source of the noise in the signal was the injected air in front of and in rear of the sample solution. On the other hand, the positive deviation of ε for a lower concentration is inferred to be due to impurity eluted from PEDOT-E, since the positive deviation depended on the distance between the W|O interface and the PEDOT-E or staying time of the sample solution on the O layer. These problems should be resolved by improving the design of the flow path and the purification method of PEDOT-E.
3·4 The stripping method
By concentrating the target ion from the thin W into the thin O and then back-extracting the transferred ions from the thin O to the thin W (using the stripping technique), a highly sensitive absolute determination of a target ion was achieved. 13 Figure 8 shows the current for the back extraction of preconcentrated TEA + from the thin O into the W using potential-step chronoamperometry. The amount of preconcentrated TEA + was controlled by changing the volume of the injected TEA + solution. The concentrated TEA + in O was back extracted into the W by changing the applied potential. When the injected volume of the TEA + solution increased, the current measured by amperometry increased. Figure 9 summarizes the results for the potential step chronoamperometry analysis after the preconcentration of a dilute solution of TEA + . 13 When a sample volume of 20 -150 μL is injected in the preconcentration process, the detected amounts increased with the sample volume, and were close to the theoretical values for the injected amount (solid line in Fig. 9(a) ). TEA + was concentrated in the thin O and back-extracted with an electrolysis efficiency of nearly 100% using the stripping technique ( Fig. 9(b) ).
Notably, the imprecision of the electrolysis efficiency at high concentrations was small. As a result, both the preconcentration and back extraction proceeded quantitatively. The stripping technique is thus more suitable for the absolute determination of dilute samples than the injection method.
To date, stripping voltammetry by the preconcentration of the target ion into O has been investigated for the sensitive analysis of a redox-inactive ion. 21, 22, [42] [43] [44] [45] In previous studies, however, the target ions in the W were not completely extracted into O. The advantage of the present flow cell for stripping analysis is that it can be used to achieve the quantitative transfer of a target ion in a flow system, which contributes to the higher efficiency of the preconcentration and determination processes without the need for a calibration curve.
Conclusions
In the present study, an electrolysis cell with thin W and thin O layers and its application for the absolute determination of a redox-inactive ion using the flow injection and stripping methods were reviewed. The electrolysis cell has a simple laminate structure, which enables sample volumes to be as low as 1 μL. While TEA + was chosen as the target ion in this work, other comparatively hydrophobic ions, such as ClO4 -22,25 or ionic drugs, [46] [47] [48] [49] [50] could be determined using the present system. If the facilitated transfer of a hydrophilic ion with a neutral ionophore was achieved in the present thin-layer cell, the variety of target ions would be enlarged.
The improvement in the performance of the electrolysis cell was achieved by employing a PEDOT-E as the reference/counter electrode for O. The solid electrode, such as PEDOT-E, contributed to the construction of the laminate structure in the thin-layer electrolysis cell. Although PEDOT-E has been extensively used in all-solid ISE, and for stripping analysis with a thin O membrane, the electrode properties of a PEDOT-E in O have not been measured directly. The present study for the electrode response of the PEDOT-E in O, which include a Nernstian response for the supporting electrolyte and reversibility, may be useful for designing liquid membrane systems combined with a conducting polymer-coated electrode, such as an all-solid ISE.
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